ABSTRACT: A known deterrent to the large-scale development and use of cellulose nanocrystals (CNCs) in composite materials is their affinity for moisture, which has a profound effect on dispersion, wetting, interfacial adhesion, matrix crystallization, water uptake, and hydrothermal stability. To quantify and control the hydration and confinement of absorbed water in CNCs, we studied sulfated-CNCs neutralized with sodium cations and CNCs functionalized with less hydrophilic methyl(triphenyl)phosphonium cations. Films were cast from water suspensions at 20°C under controlled humidity and drying rate, yielding CNC materials with distinguishably different dielectric properties and cholesteric structures. By controlling the evaporation rate, we obtained self-assembled chiral CNC films with extended uniformity, having helical modulation length (nominal pitch) tunable from 1300 to 600 nm. SEM imaging and UV−vis−NIR total reflectance spectra revealed tighter and more uniform CNC packing in films cast at slow evaporation rates or having lower surface energy when modified with phosphonium. The dielectric constant was measured by a noncontact microwave cavity perturbation method and fitted to a classical mixing model employing randomly oriented ellipsoidal water inclusions. The dielectric constant of absorbed water was found to be significantly smaller than that for free liquid indicating a limited mobility due to binding with the CNC "matrix". In the case of hydrophilic Na-modified CNCs, a decreasing pitch led to greater anisotropy in the shape of moisture inclusions (ellipsoidal to platelet-like) and greater confinement. In contrast, the structure of hydrophobic phosphonium-modified CNC films was found to have reduced pitch, yet the shape of confined water remained predominantly spherical. These results provide a useful perspective on the current state of understanding of CNC−water interactions as well as on CNC self-assembly mechanisms. More broadly, we believe that our results are beneficial for the realization of CNC-based functional materials and composites.
INTRODUCTION
Cellulose nanocrystals (CNCs) are fundamental backbones of macroscopic polymeric cellulosic fibers. In nature, cellulose is synthesized from glucopyranose molecules by a combined action of biopolymerization, spinning, and crystallizationall controlled by specific enzymatic terminal complexes in aqueous environment. CNCs can be isolated from cellulose fibers by preferential acid hydrolysis of paracrystalline regions, which leaves highly crystalline CNCs intact. 1 In CNCs, cellulose chains are tightly packed together into rod-like crystallites, which are stabilized by van der Waals forces and by a strong and complex intra-and intermolecular hydrogen-bond network. The typical cross-sectional width of CNCs is in the range of a few nanometers while their average length exceeds 100 nm (aspect ratios span 10−150). 2 Their mechanical properties exceed any known natural or synthetic biomaterial (modulus ≈ 150 GPa, strength ≈ 1.6−3 GPa). 3, 4 The high modulus and aspect ratio, in combination with other favorable intrinsic properties such as high surface-to-volume ratios, crystallinity, and low density (1.62 g/cm 3 ), make CNCs excellent candidates for sustainable reinforcing materials in polymer nanocomposites. 5, 6 These attractive properties have motivated numerous endeavors toward fabricating multifunctional CNC nanocomposites using solution casting, melt processing, sol−gel, and template methods, 1, 5, 7 which may yield the typical low filling fraction nanocomposites (<40 mass %) or highly filled biomimetic composites with cholesteric self-assembled CNCs. 8, 9 Irrespective of the final composite form, one of the key hindrances to the realization of the potential promised by CNC fillers is moisture. CNCs are synthesized in aqueous media, and as-synthesized CNCs are found to disperse only in water and high dielectric constant solvents due to restrictions imposed by their high surface charge. Given this difficulty, CNC nanocomposites are most readily prepared by solution casting CNC−polymer−water mixtures. Because of their hydrophilic nature and high surface area, CNCs display a tendency to retain a hard-to-remove surface layer of water, even when functionalized and/or solvent exchanged into nonpolar solvents. 7, 10 Dried CNC powders, which are starting materials in melt mixing and extrusion, rapidly absorb atmospheric moisture prior to incorporation. This layer of water may diminish the CNC−matrix and CNC−CNC adhesion, particularly in hydrophobic matrices, where CNCs are found to promote water uptake and serve as conduits for water transport. 11−13 Sinko and Keten observed the CNC−CNC shear modulus to decrease by 2 orders of magnitude in going from a dry to wet interface. 12 The competitive hydrogen bonding of CNCs with water was additionally found to cause a disruption in percolated CNC networks, resulting in ineffective stress transfer and remarkable material softening. 13 The presence of interfacial water is also likely to hinder or promote the crystallization of semicrystalline host polymers. 14 The increased presence of water can be a technological problem when the polymer properties and dimensions are sensitive to solvent molecules. It is therefore key to understand the interaction of water with cellulose nanocrystals. 7 CNCs derived from natural cellulose sources via acid hydrolysis can self-assemble into a stable chiral-nematic liquid crystalline phase, although the extent of ordering is often limited by vitrification during the course of film drying. The chiral-nematic (cholesteric) phase model often used to describe these materials shows a long-range orientation of individual CNC rods with characteristic helical modulation length perpendicular to the direction of their alignment. 15 In the CNC films the local helical alignment (nominal "pitch") can be in the submicron range, resulting in often spectacular Bragg reflection in visible light and a quasi-photonic band gap. 15 As it is in many living organisms, the helical organization of CNCs can lead to bio-inspired materials with efficient dissipation of the fracture energy, with extremely large damage tolerance and hindered catastrophic crack propagation. 16 However, from the point of view of this paper, they serve as model films with known crystallinity and mesostructure that help gain understanding of CNC water interactions and water confinement in CNCs.
In this work, we study CNCs films of two different surface functionalities (sodium and methyl(triphenyl)phosphonium cations), cast from water dispersions at 20°C, under controlled humidity and drying rate to obtain nanocrystals organized into well-defined distinguishably different chiral structures with characteristic helical modulation length (pitch). A noncontact microwave cavity perturbation method enabled permittivity measurements with accuracy adequate to study water confinement in CNCs. Complementary characterization included SEM imaging, UV−vis−NIR chiral dichroism (CD), and reflectance spectra. We find that tuning the evaporation rate can control the helical pitch and uniformity of the cholesteric films. Our results indicate that moisture inclusions assume ellipsoidal shapes when the helical pitch is larger than 1200 nm. When the pitch decreases, the shape becomes more anisotropic, and eventually, at about 700 nm, water inclusions assume a needle or platelet-like shape. For hydrophobic phosphonium modified CNC films, with weaker water−CNC interactions, the pitch was found to have a diminished effect on the water shape. We discuss the underlying mechanism of liquid crystalline gelation and helical ordering of CNCs, which offer useful perspective on the current state of understanding of CNCs materials and can be beneficial for the realization of CNC functional materials and composites.
EXPERIMENTAL SECTION
2.1. Materials. Sulfated CNCs neutralized to a sodium form (Na-CNC) were obtained from the University of Maine Process Development Center as an aqueous suspension at 11.9 mass %. TEM and AFM measurements revealed that the CNCs had an average diameter of 5.9 ± 1.8 nm and length of 130 ± 67 nm. 2 Methyl(triphenyl)phosphonium bromide (98%) was obtained from Merck. The Na-CNCs were functionalized with methyl(triphenyl)-phosphonium cations (MePh 3 P-CNC) by a facile ion exchange chromatographic technique described elsewhere. 17 2.2. Preparation of Solid CNC Films. Films of Na-and MePh 3 PCNCs were cast from 1.5 mass % CNC−water suspensions in a 60 To avoid film cracking, humidity inside the chamber is increased to 60% at the marker point 2 (images captured at angle of 30°to film surface, through a circular polarizer attached to the camera lens). mm diameter polystyrene Petri dish inside a sealed Plexiglas chamber (Figure 1a) . The chamber was equipped with a computer-connected microbalance and evaporation pad with a computer-controlled DI water supply and provided with purified dry air having relative humidity (RH) of 20% and a temperature of 20 ± 0.5°C. The mass of the CNC suspension and the RH inside the chamber were continuously monitored. The desired drying rate profile was obtained by using a computer algorithm actively adjusting the RH inside the chamber. We note that tracking the mass loss (gradient) is a more reliable approach in controlling the film structure compared to purely monitoring the temperature, RH, or refractive index. 18, 19 An example of mass loss of representative CNC suspension and the corresponding RH required to maintain the desired drying rate is shown in Figure 1b .
During the drying process, the suspension transitions from a structureless, clear mixture to one with a macroscopic surface patterns (Movie S1). This is attributed to the large-scale assembly of CNCs into a cholesteric phase in the film bulk, a process which requires surface reorganization. Figure 1c shows an image during drying where this gel-like CNC self-assembly emerges from the suspension. This transition is observed to happen at a CNC concentration of ≈4.5 mass %, which is in general agreement with previously measured biphasic to liquid crystal transition mass fractions. 20, 21 It is noteworthy that the large scale self-assembly pattern seen in Figure 1c remains fixed throughout the rest of the film drying process (Figure 1d −f). The evaporation in our CNC solutions proceeds from the center to the outer edges, as opposed to the coffee-stain drying seen in cast drops. 22 As the drying front progresses outward, the meniscus becomes less parallel to the bottom of the Petri dish creating a large degree of nonuniformity in the outer regions of the film ( Figure S1 ). Thus, the uniform central region is used for measurements.
2.3. Dielectric Characterization. The complex relative permittivity (ϵ r = ϵ r ′ − jϵ r ″) of the CNC films was measured at a frequency of 7.435 GHz using a noncontact cavity perturbation method, 23, 24 which allows precise measurement of the dielectric permittivity in quantitative correlation with the moisture content. This method is nondestructive and experimentally simple, and it does not require any electrical contacts that would otherwise obscure the water absorption and its effect on the dielectric properties of CNCs.
In our earlier work 23, 24 we showed that for a small specimen inside a rectangular cavity operating in the TE 10n , the classical perturbation equation 25 can be simplified to linear analytic expressions:
Parameters x, y′, and y″ in the linear equations (1) are defined as follows:
where f 0 = 7.4355 GHz is the resonant frequencies of the empty cavity, f s is the resonant frequency with the specimen, V 0 is the volume of the cavity, and V s is the volume of the specimen (V 0 ≫ V s ). Q 0 is the quality factor of the empty cavity, and Q s is the quality factor of the cavity loaded with the specimen. The quality factor is obtained from the resonant peak according to the conventional half power bandwidth formula as Q s = f s /Δf s . The real permittivity ε r ′ and the dielectric loss ε r ″ can be determined from the slope of eqs (1), where intercepts b′ and b″ are constant ( Figure 2c ). Our cavity test fixture design shown in Figure 2a employs a 127 mm long WR90 waveguide, operating in the microwave frequency range of 6.7−13 GHz. The fixture is connected to a network analyzer (Agilent N5225A) with semirigid coaxial cables and near cross-polarized coaxial to WR90 coupling adapters. The network analyzer measures the transmission scattering parameter S 21 . The resonant frequency, f s , and the half power bandwidth, Δf s , are determined for the TE 103 resonant mode. The specimen is inserted into the cavity through a slot in the center of the cavity, where the electric field of the resonant mode, TE 103 , attains a maximum value. The specimen insertion and the corresponding volume of the material in the cavity (V s ) are controlled by a stage. During the measurements, the specimen is partially inserted in steps, while the magnitude of the scattering parameter, S 21 , is recorded. The measured frequency span is typically 2Δf s , recorded with a resolution of ±50 kHz. The dynamic range of the noise level in the |S 21 | magnitude is typically below −65 dB. Figure 2b shows the evolution of the resonant peak at the indicated moisture levels at fixed CNC specimen volume inside the cavity. The corresponding plots of eq 1a are shown in Figure 2c , where the slope of the plots equals to ε r ′ − 1. Similarly, eq 1b can be used to estimate the dielectric loss, ε r ″. The dielectric constant is determined with the combined relative uncertainty of 3%.
2.4. Optical Characterization. The optical microscopy images were obtained in a polarized optical microscope using a 5× objective with numerical aperture (NA) = 0.13. The imaging was performed with a cross-polarization setting to ensure that only the circularly polarized component of the reflected light was collected.
The total reflectance and transmittance spectra were recorded from 200 to 2000 nm with a 1 nm step resolution and at slit widths between 4 and 10 nm using a PerkinElmer Lambda 950 spectrophotometer equipped with an integrating sphere kit for Lambda 950. By measuring the total reflectance (R) and transmittance (T), we verified that R + T sum to 1; i.e., absorption is negligibly small, and therefore R and T are complementary to each other. Consequently, we only measured the reflectance of the CNC films using the spectrophotometer. The combined relative uncertainty in determining the peak wavelength from the Bragg reflection maximum is ±5 nm.
2.5. SEM Imaging. Fracture cross sections of the dried CNC films were imaged using a FEI Helios dual-beam focused ion beam (FIB)/ scanning electron microscope (SEM). The samples were scanned using an electron beam at a voltage of 2 kV and a current of 50 pA and imaged using a highly sensitive, high-performance ion conversion and electron (ICE) secondary electron (SE) detector. A working distance of 4 mm was used. The samples were imaged without a conductive coating at a pixel size of 15−30 nm. In order mitigate charging effects, a stage bias of 50 V was applied, and the images were acquired by integrating 16 500 ns scans. When imaging the sample cross sections, the regions in the field of view were verified to be roughly planar and perpendicular to the optic axis to minimize the effect of large height variations on final quantification. Unlike several earlier studies, we obtained images at low and high magnifications to ensure that the measurements are accurate as well as statistically representative.
RESULTS AND DISCUSSION
3.1. Dielectric Properties. The dielectric constant of the films was measured at 7.435 GHz using the method described in section 2.3. For this purpose, specimens of CNC films, size of 8 mm × 15 mm and between 30 and 60 μm thick, were cut from the freshly cast films that typically contain 5 mass % of water. Water concentration was determined gravimetrically by weighing the specimens on an ultra-microbalance (MSE2.7S-000-DM from Sartorius) with a readability of 0.1 μg. The initial water content was determined by drying films to constant mass at 120°C for several hours inside of a glovebox under argon dry atmosphere (water content <6 ppm). By re-exposing CNC to humid air, the water concentration within CNCs was varied from about 0 to about 9 mass %. At different time intervals during the adsorption, moisture content in the samples was determined gravimetrically, and cavity measurements were performed at room temperature (20°C). The measured dielectric constant for slow and fast-dried Na-CNC and MePh 3 P-CNC films are shown in Figure 3 and summarized in Table 1 . Figure 3 demonstrates that with increasing water content the dielectric constant of CNC films increases. Our results show, however, that the change in the dielectric constant depends on the drying rate and the chemical modification of CNCs. The dielectric constant of Na-CNC films dried slowly is considerably larger compared to films dried at faster rates. At a water mass content of 5%, decreasing the drying rate from 13 to 7 mg/min increases the dielectric constant from 3.3 to 4.1. In comparison, at the corresponding water concentration, the dielectric constant of phosphonium-modified MePh 3 P-CNC films is smaller and evidently much less dependent on the drying rate (Table 1) .
Estimating the dielectric property of mixtures has been a challenging field of research, of both theoretical and practical importance. The classical mixing approach is to consider homogeneous inclusions (water) in an isotropic host medium (CNCs), within the linear range of molecular polarization of such inclusions. The quasi-static nature of the modeling means that the propagating wavelength in a mixture is to be considered much larger than the inclusion diameter for a satisfactory dynamic field approximation. 26 Within this assumption, one can model the CNC−water mixture as an ideal two phase mixture. We note that earlier studies have found water uptake into CNC films to be due to penetration between the crystals rather than the swelling of individual nanocrystals, as water does not permeate into the crystal structure. 27 These results lend support to our treatment of water as an inclusion in a "matrix" of CNCs. In the simplest model of this kind, the water inclusions are spherical in shape. A more general approach allows for arbitrary shapes, but the concentration of the inclusions must be assumed to be small within the simplifying assumption that the dielectric constant of the dispersed water is much higher than the CNC "matrix". The change of the dielectric constant can be calculated to high accuracy numerically for particles of essentially any shape, 28 but regular shapes, such as ellipsoids, simply allow for closed analytical estimates of the change in the dielectric constant in this dilute regime. 29, 30 We consider randomly oriented ellipsoidal inclusions with semiaxial dimensions a x , a y , a z and depolarization factors N x , N y , N z along x, y, z directions, respectively, in the Cartesian coordinate system. Any point on the surface of the ellipsoid is given by eq 3:
Depolarization factors (N j ) are descriptors of the extent to which the inclusion polarization is diminished according to the particle's shape and orientation with respect to the applied electric field. Following the Maxwell−Garnett model for such shape modification, the expression for the effective dielectric permittivity of the mixture ε eff is then given by eq 4: 
where f is the volumetric inclusion ratio, ε water , is the permittivity of water, and ε CNC is the permittivity of the CNC film at 0% water. According to ref 31, the depolarization factors for any given ellipsoid are equal to (5):
,
with N x + N y + N z = 1. In the case of a sphere, N x = N y = N z = 1/3. Solutions of (5) for prolate (a z > a x = a y ) and oblate spheroids (a z < a x = a y ) are given by eqs 6 and 7, respectively: 
The axial parameters of water inclusions are obtained here by fitting the measured dielectric constant against eq 4 with ε water and a x /a z in eq 7 as the fitting parameters, where a x = a y = a z for spherical shape of water inclusions and a x = a y > a z for all cases of oblate spheroids. In the case of hydrophobic MePh 3 P-CNC films, which show the lowest dielectric constant values, we initially fit the dielectric data to eq 4 assuming simple spherical shape for water inclusions. In our experiment, at the frequency of 7.435 GHz, ε water = 65, which is the dielectric constant value of unbound liquid water with a relaxation time τ free ≈ 9.3 ps. 32 However, these initially calculated ε eff values from eq 4 are too high compared to the experimental data (see Figure S2 ). Since the Maxwell−Garnett theory gives the lowest ε eff values of the mix for spherical shape inclusion, these fitting results have no physical meaning under assumption of free water in the mixture. Considerably better fits, however, can be obtained with ε water < 65. The decreased value of ε water indicates that, in comparison to free water, water in CNCs has a limited mobility and consequently longer relaxation time due to bounding with CNC matrix. In Figure S2 we show a good agreement between fitting results and experimental data when ε water = 33, indicating that degree of water interaction with CNCs is significant. This effect is qualitatively similar to immobilization of water molecules in ice or under internal electrical field from surrounded polar molecules, 32, 33 where the dielectric dispersion is shifted to lower frequencies or longer relaxation time. The relaxation time of water bound to CNCs can be estimated from the Cole−Cole dispersion model (8) for water 32 by using the observed decrease in the dielectric constant of water from 65 to 33 at the fixed frequency of 7.435 GHz:
where ε r ′ and ε r ″ are the frequency-dependent real and imaginary parts of the complex permittivity, ε s and ε ∞ are relaxed (static) and unrelaxed values of the dielectric constant, respectively, τ is the dielectric relaxation time, ω = 2πf is the angular frequency, and j 2 = −1. Assuming after ref 32 ε s = 78, ε ∞ = 4.23, τ ≈ 9.3 ps, and α = 0.013, we estimate from eq 8 the relaxation time of bound water in CNCs, τ bound ≈ 24 ps, nearly 3 times longer than that of liquid free water (see Figure S3) .
In addition to the water immobilization effect, the measured ε eff shows considerable dependence on the water inclusion shape. Since in our experiment the water concentration in CNCs is relatively low, it is convenient to examine the shape of the confined water by plotting the results of fitting to Maxwell− Garnett model using the permittivity−susceptibility ratio (SR) notation. The generalized effective mixture SR 30 for a given volumetric ratio is defined by eq 9.
The fits to the change in SR as a function of water content are shown in Figure 4 . From the slope of SR plots in Figure 4 we deduce that in the slowly dried Na-CNC films the axial parameters ratio of ellipsoidal water, a x /a z , approach the value of about 30, indicating nearly flattened water. In the case of the fast dried Na-CNCs, a x /a z decreases to about 6, which corresponds to an ellipsoid with a lower aspect ratio. And finally, for the phosphonium-modified CNCs the axial parameters of confined water are consistent with the spherical shape. These shapes are illustrated in Figure 4 . The measured difference in water confinement between the specimens dried at different rates can be attributed to the degree of chiral ordering in the films as well as the surface functionality, which we discuss in the following sections.
CNC Film Structure.
To understand the role of the evaporation kinetics and functionalization on the structure and thence the effect of the structure on water confinement, we characterized, in detail, the self-assembled architecture of the CNC films using polarized optical microscopy (POM), UV− vis−NIR reflectance spectroscopy, and SEM. The CNC films imaged using POM display multicolored structures with dominant colors varying based on evaporation conditions and functionalization as shown in Figure 5 . Most notably, the fastdried Na-CNC films are colorless.
The peak reflectance wavelengths (λ) and widths (Δλ) were obtained by fitting the spectrophotometry data using single or multi-Gaussian distributions, as deemed appropriate ( Figure  6f ). It is observed that the reflectance peaks are consistently narrower and at lower wavelengths when the films are cast at slower evaporation rates (Table 2 ). This effect is larger for NaCNCs where slow drying decreases λ 1 from 1274 ± 149 nm to 736 ± 118 nm to 517 ± 98 nm for evaporation rates of 13, 7, and 4 mg/min, respectively. In contrast, slowing the evaporation rate blue-shifts the λ 1 of the MePh 3 P-CNC films from 655 ± 279 nm to 580 ± 175 nm. However, even the fastdried MePh 3 P-CNC films show a comparable peak wavelength to the slow-dried Na-CNC films. The peak reflectance values agree with the structural colors seen in the POM images ( Figure 5 ). The fast-dried Na-CNC films are colorless as they reflect well above the IR range. The reflectance spectra for the fast-dried films also display subcomponent structures with shoulders at longer wavelengths (λ 2 , Table 2 ), hinting at the presence of multiple domains with different nominal pitch (P, assuming a chiral-nematic description of our material).
All the SEM images shown in Figure 6a −e display a periodic pattern, characteristic of chiral nematic self-assembly. These patterns consist of alternating "hills" and "valleys" that correspond to the CNCs oriented parallel and perpendicular to the fracture surface, respectively (higher magnification images are shown in Figure S5 ). This structure, which is attributed to the anisotropic pull-out behavior of CNC layers in the film, is key to the quantification of the pitch and orientation. 34 From a visual inspection of the SEM images (Figure 6a−e) , it is clear that the faster evaporation rates result in a progressive deviation from an ideal chiral-nematic liquid Figure 4 . Dielectric susceptibility ratio (SR) as a function of water concentration. Lines represent fitting to eq 9 through the data points. Square symbols: slow-dried Na-CNC; circles: fast-dried Na-CNC; triangles: fast-dried MePh 3 P-CNC; stars: slow-dried MePh 3 P-CNC. Water confinement shapes corresponding to plots 1−3 have axial ratios a x /a z = 30, 6, and 1, respectively. They are illustrated on the right as distinct pancake-like oblate ellipsoidal shapes for Na-CNCs and as a sphere for phosphonium-modified CNCs.
crystal ordering due to film vitrification. For instance, the fastdried Na-CNC films possess a multidomain structure, with an imperfect planar texture. Specifically, this structure is an ensemble of Bragg-reflecting planar domains, each with a characteristic pitch and helical director orientation (Figure 6a and Figure S4 ). The individual domains are separated by grain boundary like defects, which are akin to the parabolic focal conics observed by Roman and Gray. 35 Additionally, we observe dislocation defects, only seen in optical images earlier ( Figure S4) . 34 Strikingly, the slow and slowest dried Na-CNC films are relatively defect-free, single domain systems, extending over several millimeters, with a significantly smaller pitch and greater uniformity. The MePh 3 P-CNC films exhibit a qualitatively similar dependence on evaporation rate. In addition to pitch variations arising from differences in evaporation rates and surface groups, a gradient in pitch is observed in going from the top to bottom of each film. This gradient is observed to be larger for faster dried films ( Figure  S9 ). We note for all films studied here that the structures in the dried state are not representative of "liquid crystalline" assembly in its true sense, as the vitrified films are away from their equilibrium morphologies.
To quantitatively evaluate the inter-and intrasample variations, we measured the pitch distribution of each sample type ( Figure 6g ) using a novel image processing methodology described in the Supporting Information ( Figure S7) . As with the reflectance data, the distributions were fit with Gaussians to obtain peak positions and peak widths (one standard deviation, Figure S8 and Table 3 ). The measured pitch and standard deviations exhibit an identical dependence on evaporation rate and surface functionality. With decreasing evaporation rates, we measure much smaller P and standard deviations (due to greater sample uniformity). Additionally, the P values measured for the MePh 3 P-CNC films are considerably lower for the same drying rate. The SEM characterization is also found to be sensitive to the multidomain structure of the fast-dried films. We measure secondary peaks at 1500 and 1045 nm for the fastdried Na and MePh 3 P films, respectively.
The helical pitch distributions of CNC films can be used to calculate the total Bragg reflection spectrum using λ = (P/2)n sin θ, 24 where n = √ε r ′ and θ is the angle of incidence. Since the dielectric constant of CNC films is about 4, the average refractive index n ≈ 2, the helical pitch distribution corresponds directly to the distribution of the peak reflectance wavelength. While the varied orientations of the domains are expected to cause some broadening of the reflectance peaks, we do not expect this to be a significant effect, since angular deviations are within 7°to 8°(sin 90°= 1, sin 82°= 0.99). Comparing the "spectra" in Figures 6f and 6g and the data in Tables 2 and 3 , we find that the calculated pitch distributions (including peak wavelengths and peak widths) are in good agreement with the reflectance. We note that the SEM peak values are somewhat lower than the peak reflectance wavelengths. This is because the reflectance was measured in air as opposed to the SEM images, which were obtained in vacuum. In air, we expect swelling from a small amount of absorbed moisture. This agreement between both the peak positions and peak widths suggests that the broadening of reflectance peaks is due to structural nonuniformities locked-in during film vitrification, which in turn arise from self-assembly kinetics and variations in CNC shapes and size. 3.3. Role of CNC Packing and Functionality on Water Confinement. As noted earlier, the shape of confined water in Na-CNC films deviates significantly from the classical sphere. Given that these films differ only in their mesostructures, we can attribute the variations in water confinement shape in NaCNCs to the differences in self-assembled morphologies. Na-CNC films from the slow dry process have smaller pitch (606 ± 151 nm) and therefore tighter packing. Further they exhibit a greater degree of uniformity and fewer defects. The fast-dried Na-CNC films contrastingly exhibit a larger pitch (1000 ± 350 nm), i.e., looser packing, as well as a higher density of defects arising from the multidomain structure. The tighter packing and uniformity, which result in smaller interstitial volumes, lead to a greater deviation from a spherical water shape (a x /a z = 30) in the slow-dried Na-CNCs as compared to the fast-dried films of lower density and larger pitch (a x /a z = 6). Further, we believe that the compression in shape is magnified by the attractive interactions between the hydrophilic Na-CNCs and water.
In comparison, in the case of less hydrophilic MePh 3 PCNCs, interactions with water are apparently weaker, allowing water inclusions to assume a spherical shape (a x /a z = 1) even with a tighter pitch. In order to discuss this is intriguing effect in more detail, we investigate the surface energies of Na-CNC and MePh 3 P-CNC materials. The surface energies of Na-CNCs and MePh 3 P-CNCs have been measured by inverse gas chromatography to be 62 mJ/m 2 ) and using the Owens−Wendt formulation, 37 we find the water contact angles to be 59°and 67°for Na-CNCs and MePh 3 P-CNCs, respectively. This suggests the presence of a weaker water−CNC interaction for the MePh 3 P-CNCs, which causes the water to take up a more spherical shape as compared to the Na-CNC films. The lowering of water−CNC interactions with phosphonium functionalization is further supported by earlier studies that found the MePh 3 P-CNCs and their composites to uptake as well as retain lesser amount of water. With further evaporation the domain size increases and the interdomain distances decrease, eventually leading to tactoid alignment, coalescence, and sedimentation. 39 The aligned tactoids lead to greater uniformity. Unaligned tactoids result in dislocation defects ( Figure S4) . 39 With further drying, the biphasic to liquid crystal transition concentration is reached. At this point, further movement of CNCs and CNC tactoids is kinetically arrested, and the macroscopic surface features seen in Figure 1c are formed. The above-mentioned processes are accompanied by a decrease in pitch from tens to a few micrometers. 21 Following gelation, the water continues to evaporate, causing a further reduction in pitch to micrometer/ submicrometer values. Since the drying process begins at the top of the film, CNC domains at the top are vitrified sooner and therefore are locked into nonequilibrium high pitch, lower density structures. Indeed, the pitch in the top layers of the fastdried films is comparable to the large pitch observed in CNC gels (≈2 μm, Figure S9 ). 21 The CNC domains closer to the bottom have more time to reorganize into equilibrium morphologies, resulting in a decreasing pitch gradient from the top surface. 40 This is further aided by the shielding/burying of the water meniscus by the upper vitrified layers.
Since the final film morphology results from the series of processes mentioned above, the nonuniformities developed in earlier stages are cascaded down to the final film structure. With faster drying, the critical process points are reached faster and with base structures that possess a higher degree of disorder. Therefore, in these films greater disorder is perpetuated leading to large pitch values and nonuniformities. We are thus led to believe that the evaporation rate at all stages of drying is critical, particularly prior to gelation. Since the last stage of drying takes place after kinetic arrest, we believe it has a less significant effect, as observed earlier. 19 By controlling the mass loss rate during the entire drying process, we are able to tune the pitch of these films by over 800 nmone of the largest range of pitch values shown thus far. 18, 19 By functionalizing the CNCs with the phosphonium group, the size of the electrical double layer (EDL), which screens the chiral interaction between CNCs, is significantly reduced as compared to the Na-CNCs. 41 The MePh 3 P-CNCs therefore experience stronger chiral interactions, leading to a smaller pitch and a blue-shift in the reflectance wavelength. Within the MePh 3 P-CNCs qualitatively similar effects of evaporation rate are observed. However, as mentioned earlier, the effect of evaporation rate is lowered as MePh 3 P-CNCs' self-assemble more readily and therefore further progressed in the assembly process at every time step as compared to Na-CNCs. The surface functionality and therefore the surface energy of the CNCs represent a valuable knob to control the self-assembly kinetics of CNCs, helping scale-up cholesteric film production by considerably reducing the processing time.
CONCLUSION
It is imperative to understand water−cellulose nanocrystal interactions, as they dictate the performance of CNC polymer nanocomposites. As a first step, we tuned the CNC surface chemistry and evaporation rates to obtain an array of model CNC films of known mesostructure and functionality. We found that the water loss rate strongly dictates the final film structure of all CNC films, with fast dried films displaying looser packing and larger disorder in long-range periodicity as evidenced by SEM images and wider, higher wavelength reflectance peaks. 18 Additionally, we found that increased CNC hydrophobicity leads to tighter film packing due to increased suppression of electrostatic repulsion.
This work represents the first structural confirmation of the effect of drying rate. While our observations confirm previously drawn hypotheses about the effect of evaporation, they also elucidate the minutiae of the evaporation process. For example, we found the disordered films to possess a gradient in pitch from the top of the film to the bottom, which depends on the length of time spent by each CNC layer with liquid water. These results also suggest that air flow may direction be used to obtain patterned films of CNCs in all three dimensions, to realize the graded Bouligand structures seen in crustacean shells 8 or to fabricate naturally sourced metamaterials. The noncontact resonant microwave cavity method allowed us to accurately determine the complex permittivity in relation to water confinement and chemical modification. Most importantly, since no electrical contact processing is required, the chiral integrity of the CNC films can be preserved, allowing a direct correlation between water confinement and helical pitch measurement. On the basis of the analysis of the dielectric susceptibility ratio, we conclude that the dielectric constant of absorbed water is considerably lower than the dielectric constant of free liquid water, indicating limited mobility and longer relaxation time due to bounding within the CNC matrix. We observe that in CNC films with smaller pitch and tighter packing water molecules are confined to tighter spaces. This leads to deviation from a spherical shape compared to films with lower density and larger pitch. The compression in shape is accompanied by favorable interactions between the hydrophilic Na-CNCs and water. In comparison, water confinement in MePh 3 P-CNC agrees well with the spherical shaped inclusion model due to larger hydrophobicity of phosphonium groups.
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